EXPRESSION VECTORS CONTAINING HYBRID UBIQUITIN PROMOTERS 

FIELD OF THE INVENTION 

5 The present invention relates to expression vectors that contain hybrid ubiquitin 

promoters. The promoters are useful, among other uses, for high and sustained transgene 
expression in in vivo and ex vivo gene therapy and for recombinant protein expression in vitro. 

BACKGROUND OF THE INVENTION 

10 Ubiquitin is an abundant, small, 76 amino acid protein that is expressed in all eukaryotic 

cells (Ciechanover et al 2000; Wilkinson et al y 2000). The protein covalently attaches to 
abnormal, misfolded or short-lived proteins, marking them for destruction in proteasomes 
(Ciechanover, supra). Ubiquitin also associates with histones and may play a role in the 
regulation of gene expression (Spencer and Davie, 1999). The coding sequence is remarkably 

15 conserved evolutionarily, being identical from insect to man. There are at least three known 
ubiquitin genes in humans, named UbA, UbB, and UbC, which appear to contain one, three or 
nine precise direct repeats of the 76 amino acid coding unit, respectively ( Baker and Board, 
Nucleic Acids Research , 15:443-463 (1987); Lund et al 1985; Nenoi, et al. 1996; and Wiborg et 
al, EMBO J. , 4:755-759 (1985). The human UbB and UbC genes have been sequenced and 

20 shown to contain no introns within their coding regions, but each contain an intron in the 5' 

flanking region (Baker and Board, supra; Nenoi supra). The UbC promoter has been shown to 
provide high level, ubiquitous expression when inserted into transgenic mice and when 
incorporated into plasmid DNA vectors (Johansen et al y FEBS 267:289-294 (1990); Schorpp et 
al. Nucleic Acids Research , 24:1787-1788 (1996); Wulff et al, 1990). 



The promoter from human cytomegalovirus (CMV) (see United States Patent 5,849,522; 
United States Patent 5,168,062) is known to provide strong constitutive expression of transgenes 
at high levels. However, in gene therapy applications, expression levels achieved using the 
CMV promoter have been shown to be significantly reduced over time. 

Accordingly, there remains a need to provide improved regulatory elements that are able 
to provide high and sustained expression of transgenes in applications such as gene therapy. 

SUMMARY OF THE INVENTION 

The present invention provides hybrid regulatory regions using elements from one or 
more ubiquitin promoters together with one or more strong enhancers. The present invention 
further provides DNA vectors that provide for high and persistent expression of associated 
coding sequences. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1. Diagram of plasmid DNA vectors. Ub, human ubiquitin B promoter; Intron, a 
hybrid of an adenoviral and mouse immunoglobulin gene intron; SEAP, secreted human placental 
alkaline phosphatase cDNA; pA, bovine growth hormone polyadenylation signal; Ub intron, the 
endogenous intron in the UBB gene; CAT, chloramphenicol acetyltransferase cDNA; CMV enh, 
human cytomegalovirus immediate early gene enhancer region (-522 to -219 relative to the 
transcription start site); CMV, cytomegalovirus immediate early gene enhancer-promoter (-522 to 
+78 relative to the start site). 

Figure 2. SEAP expression from pUB-SEAP and pUBI-SEAP in human airway epithelial 
cells. A) CFT-1 cells were transfected with either pUB-SEAP, pUBI-SEAP, or pCFl-SEAP 
complexed with cationic lipid GL-67 (10.5 uM GL-67:30 yM pDNA). The tissue culture media 
was collected 2 days after transfection and assayed for SEAP expression. B) BEAS cells were 
transfected either with pUB-SEAP, pUBI-SEAP, or pCFl-SEAP complexed with cationic lipid 



GL-67 (10.5 pM GL-67:30 jjM pDNA). The tissue culture media was collected 2, 4, and 6 days 
after transfection and assayed for SEAP expression, n = 4 wells per pDNA. Data are expressed as 
mean ± SEM. 

Figure 3. Persistence of CAT expression from pUBI-CAT in the mouse lung. A) 75 \il of 
5 cationic lipid GL-67 complexed with either pUBI-CAT or pCFl-CAT (0.6:3.6 mM GL- 
67:pDNA) was instilled intranasally into nude BALB/c mice. Lungs were harvested at different 
days post-injection and the levels of CAT in the lung homogenates were measured. B) 100 ]il of 
cationic lipid GL-62 complexed with either pUBI-CAT or pCFl-CAT (0.75:0.75 mM GL- 
62:pDNA) was injected via the tail vein into nude BALB/c mice. Lungs were harvested at 

10 different days post-injection and the levels of CAT in the lung homogenates were measured, n = 
4 mice per timepoint. Data are expressed as mean ± SEM. 

Figure 4. Persistence of CAT expression from pCUBI-CAT in the mouse lung. A) 75 \x\ 
of cationic lipid GL-67 complexed with either pCUBI-CAT or pCFl-CAT (0.6:3.6 mM GL- 
62:pDNA) was instilled intranasally into nude BALB/c mice. Lungs were harvested at different 

15 days post-injection and the levels of CAT in the lung homogenates were measured. B) Groups of 
mice were instilled with a second dose of GL-67 :pCUBI-C AT complex at day 26. Lungs were 
harvested at days 28 and 84 (after the first dose) and CAT assays were performed, n = 4 mice per 
group. Data are expressed as mean ± SEM. 

Figure 5. Persistence of SEAP expression from pCUBI-SEAP in the mouse liver. 1.9 ml 

20 of Minis delivery solution (see Methods) containing 10 ug of pCUBI-SEAP or pCFl-SEAP was 
injected via the tail vein into Beige/SCID mice. Blood was collected at 1, 14, 28, and 42 days 
post-injection and the levels of SEAP activity in the serum was measured. Each line represents an 
individual mouse. 

Figure 6. Diagram of a-galactosidase A vectors. CMV enh, human cytomegalovirus 
25 immediate early gene enhancer region (-522 to -219 relative to the .transcription start site), Ub, 



human ubiquitin B promoter; Ub intron, the endogenous intron in the UBB gene; HAGA, human 
a-galactosidase cDNA; BGH pA, bovine growth hormone polyadenylation signal; ori-min, 
minimal origin of replication region; Kan-syn, synthetic, non-CpG kanamycin resistance gene. 
pGZA-HAGA is identical except the entire CMV promoter is in place of the CMV-Ub promoter. 

5 Figure 7. Persistence of a-galactosidase A expression from pGZCUBI-HAGA and 

pGZA-HAGA in the mouse lung. A) 75 ul of cationic lipid GL-67 complexed with either 
pGZCUBI-HAGA, pGZA-HAGA or pCFA-HAGA (0.6:3.6 mM GL-62:pDNA) was instilled 
intranasally into nude BALB/c mice. B) 100 pi of cationic lipid GL-62 complexed with either 
pGZCUBI-HAGA or pGZA-HAGA (0.6:3.6 mM GL-62:pDNA) was injected intravenously into 

10 nude BALB/c mice. For both A) and B), lungs were harvested at different days post- 
administration and the levels of a-galactosidase A were measured by an ELISA. n = 4 mice per 
group. Data are expressed as mean ± SEM. 

Figure 8. Sequence of the CMV enhancer-ubiquitin B promoter and intron region. The 
CMV enhancer region extends from -522 to -219 relative to the transcriptional start site. Binding 

15 sites for the transcription factors Spl, CREB/ATF, and NF B are indicated. The UbB promoter 
region begins at -1093 relative to the translational ATG start site. The putative TATA box is 
outlined and the possible cap site is indicated by the filled triangle. The intron region is in lower 
case letters. Two direct repeats within the UbB intron are indicated by an overhead line. 

20 DETAILED DESCRIPTION OF THE INVENTION 

DNA vectors in which the ubiquitin B promoter drives the chloramphenicol 
acetyltransferase (CAT) reporter gene resulted in persistent expression, albeit at low levels. A 
hybrid was constructed in which the CMV enhancer and ubiquitin B promoter were ligated 
together to express CAT. The result was persistent expression at significantly higher levels than 



the ubiquitin B promoter alone. Persistent expression using the hybrid ubiquitin promoters of the 
present invention has been achieved in various tissues, including lung and liver. 

In preferred embodiments, an expression vector is constructed in which the promoter is 
isolated from the human ubiquitin A, ubiquitin B or ubiquitin C genes, or from ubiquitin genes 
5 of other species. The preferred enhancers include the human and murine cytomegalovirus 
(CMV) enhancers (see United States Patent 5,849,522; United States Patent 5,168,062), 
elongation factor 1 -alpha enhancer, endothelial-specific enhancers and liver-specific enhancers, 
as well as other constitutive or inducible enhancer elements which are able to support expression, 
particularly in the lung. 

10 In other preferred embodiments, plasmid vectors may be fully or partially deleted for 

immunostimulatory CpG sequences. Methods and materials for preparing such CpG-deleted 
plasmids and DNA sequences are disclosed in PCT publication WO 00/14262, the disclosure of 
which is hereby incorporated by reference. 

Among the preferred therapeutic genes for delivery to cells are the hematopoietic factors, 

15 including Factor Vila [US 4,784,950]; Factor VIII [US 4,965,199; US 4,868,1 12 [B-domain 

deleted] and US 5,661,008]; and Factor IX [US 4,994,371]. Other preferred transgenes are those 
which encode lysosomal storage enzymes, including genes encoding glucocerebrosidase 
[Gaucher disease; US 5,879,680; US 5,236,838]; alpha-galactosidase [Fabry disease; US 
5,401,650]; acid alpha-glucosidase [Pompe disease; WO00/12740]; alpha-n- 

20 acetylgalactosaminidase [Schindler disease; US 5,382,524]; acid sphingomyelinase [Niemann- 
Pick disease; US 5,686,240]; alpha-iduronidase [WO9310244A1]. Other preferred transgenes 
include the genes for the cystic fibrosis transmembrane conductance regulator (CFTR), 
dystrophin, insulin and alpha- 1 -antitrypsin. The disclosures of all of the above publications are 
hereby incorporated herein by reference. 



Sustained gene expression will be required for many genetic diseases being considered 
for gene therapy as well as for recombinant protein expression in vitro. Expression is often 
transient from plasmid DNA (pDNA) vectors containing viral promoters, such as that from 
cytomegalovirus (CMV). We have constructed expression vectors containing the 
chloramphenicol acetyltransferase (CAT) reporter gene expressed from the ubiquitin B promoter 
(pUBI-CAT) and evaluated their persistence of expression in the mouse lung. Cationic lipid- 
pDNA complexes were administered intranasally into nude BALB/c mice and levels of CAT in 
the lung were assayed. CAT expression from pUBI-CAT was initially low but then increased to 
levels 4-9 fold higher than from a vector employing the CMV promoter (pCFl-CAT) at day 35. 
We then appended the CMV enhancer to the 5' end of the UbB promoter. CAT expression from 
this vector (pCUBI-CAT) was equivalent to pCFl-CAT at day 2 and was 40-fold higher than 
from pCFl-CAT at day 58. Since previous studies have shown that eliminating 
immunostimulatory CpG motifs in pDNA vectors reduces their toxicity, we have also 
constructed CpG deficient versions of pCUBI-CAT, and we have synthesized CpG deficient, 
codon-optimized cDNAs encoding alpha-galactosidase, glucocerebrosidase, and Factor IX for 
insertion into the pCUBI vector. This combination of a persistent promoter and CpG reduction 
may provide the greater persistence and efficacy required for commercially viable gene 
therapeutic. 

Durable, therapeutic levels of a gene product from a given dose of a gene therapy vector 
are desired for many disease indications. We have shown here that transgene expression from 
pDNA vectors containing the human ubiquitin B promoter can be highly stable, and has the 
unique property of actually increasing over time in some situations. When the strong enhancer 
elements of the human CMV promoter were appended to the Ub promoter, reporter gene 
expression from the CMV-Ub hybrid promoter was robust and persisted for at least three months 



in the lung. Expression of a therapeutic transgene, alpha-galactosidase A, was also sustained with 
levels increasing steadily during the one month period of the study. 

The finding that long-term transgene expression could be maintained from an episomal 
pDNA supports the contention that the major limiting factor for sustained expression is promoter 
5 activity. Systems that increase the stability of pDNA in the cell, such as the use of nuclear 
retention elements, replication origins, or eukaryotic transposons, do aid in prolonging gene 
expression [1,2,27]. But after the initial massive loss of input pDNA, extremely low but 
detectable levels of pDNA have been shown to be stably maintained in the tissues for several 
months [3,28]. The target cells for most synthetic vectors, either the lung epithelial or endothelial 

10 cells (for cationic lipid-pDNA complexes), the liver hepatocytes, or skeletal muscle, are fully 
differentiated and have a very low turnover [29]. Our results indicate that the residual amounts of 
pDNA present in the transduced tissue are sufficiently stable to confer sustained expression. 

The mechanism for the sustained transcriptional activity from the ubiquitin promoter is 
not known, and we can only speculate that the activity may at least partly relate to the normal 

15 functions of ubiquitin in the cell. Ubiquitin is required constitutively for removing abnormal or 
misfolded proteins, as well as the modification of histones leading to gene activation, and so may 
not be subject to the downregulation observed with many viral promoters [12,14], Ubiquitin is 
also induced in response to cell stress, and expression may possibly be upregulated in response to 
the cellular necrosis and apoptosis known to be associated with administration of cationic lipid- 

20 pDNA complexes, which may explain the observed increase in expression over time [25,30]. 
Other possibilities are that the promoter may be repressed at early timepoints, or that there is a 
gradual recruitment of transcription factors to the promoter over time. 

A search for potential transcription factor binding sites in the Ub promoter found possible 
sites for CEBP/B, CREB, GATA-2, Spl, and others, but the actual factors associated with this 

25 promoter will require further analysis. The CMV enhancer region used in the CMV-Ub hybrid 



adds multiple Spl, CREB, and NFkB sites, contributing to the significantly increased 
transcriptional activity [31]. However, unlike CMV, the CMV-Ub hybrid was not downregulated 
over time. The CMV enhancer sequence used in CMB-Ub avoids some known repressor binding 
sites, such as the sites for the cellular Gfi repressor, but still contains sites for YY1, which can 

5 function as a repressor [32,33]. The CMV sequence alone without the Ub promoter also did not 
confer persistent expression by itself (data not shown). Somehow the array of factors involved 
with the Ub portion of the hybrid promoter appears to have overridden the normal inactivation of 
CMV and maintained activity. 

The results shown here using the alpha-galactosidase A vectors suggest that eliminating 

10 CpG motifs within the plasmid also affected the inactivation of CMV over time. The pGZA- 
HAGA vector, containing an unmodified CMV promoter but a CpG reduced backbone, was 
significantly more persistent after IN delivery than its non-CpG reduced counterpart (Fig. 7 A). 
The vector was not as persistent after IV delivery, but the decrease in expression was much less 
than is usually observed with a non-CpG reduced vector. Although the mechanism underlying this 

15 effect is unclear, immunostimulatory CpG motifs have been shown to play a major role in the 
inflammatory response associated with cationic lipid-pDNA complexes and to consequently 
inhibit transgene expression from pDNA vectors [34,35]. The loss of expression could occur by 
direct inhibition of promoter activity or by elimination of transfected cells due to a CTL response 
to the immunostimulatory CpG motifs [36]. Thus, reducing this negative effect by decreasing the 

20 content of immunostimulatory CpG motifs and incorporating the inherently more persistent 
CMV-Ub promoter, one could anticipate an expression profile that is a composite of both positive 
factors, and the data appear to support this conjecture. 

Despite the improved performance of these vectors, the levels of alpha-galactosidase A 
that could be attained after IV or IN delivery were still below what would be required to be 

25 therapeutic [23]. One ongoing approach to this problem is to develop gene transfer vehicles that 



are more potent than current cationic lipid-pDNA formulations. However, given the sustained and 
steadily increasing levels of alpha-galactosidase A observed (Fig. 7), it may also be feasible to 
increase overall levels by multiple redosing of the vector. One would predict that repeat dosing 
would result in significantly higher levels of expression than could be achieved with a single 

5 dose. This possibility is currently being investigated. 

The CMV-ubiquitin hybrid promoter will be useful in any in vitro or in vivo application 
requiring sustained gene expression. In the context of gene therapy, this may include pulmonary 
diseases, such as cystic fibrosis and alpha- 1 -antitrypsin deficiency, as well as other inherited 
genetic disorders such as hemophilia, urea cycle disorders, familial hypercholesterolemia, 

10 phenylketonuria, and the family of lysosomal storage disorders. For certain diseases the lung or 
liver can potentially serve as a depot organ for secretion of the protein into the bloodstream. This 
will necessarily require fairly sustained expression to achieve sufficient therapeutic levels in the 
blood for the protein to in turn be taken up by the target organs. The CMV-ubiquitin hybrid 
promoter may also be useful in the context of viral vectors (e.g. adenovirus and adeno-associated 

15 virus vectors) and in other tissues such as muscle or brain. There are still significant limitations to 
be addressed with synthetic gene delivery vectors, but the ability to confer sustained gene 
expression from the CMV-ubiquitin hybrid promoter will provide an important component of a 
practical and effective gene therapeutic. 

20 Transgene expression from the ubiquitin promoter in cultured human airway epithelial cells 

The pDNA vectors used in these studies are shown in Figure 1. The pUB-SEAP plasmid 
contains the secreted form of the human placental alkaline phosphatase (SEAP) cDNA under the 
transcriptional control of the human ubiquitin B (Ub) promoter, and contains an intron (a hybrid 
of an adenoviral and mouse immunoglobulin gene intron) immediately downstream of the Ub 

25 promoter sequence. The plasmid pUBI-SEAP is identical to pUB-SEAP except that it contains the 



ubiquitin B intron in place of the hybrid intron. The control plasmid pCFl-SEAP contains the 
human cytomegalovirus (CMV) immediate early gene enhancer and promoter sequence. 

We initially measured expression from the Ub promoter in lung epithelial cells because of 
our interest in non-viral mediated gene delivery for pulmonary indications. CFT1 cells, a CF 
5 human airway epithelial cell line, were transfected with either pUB-SEAP, pUBI-SEAP, or pCFl- 
SEAP and the levels of SEAP in the media were assayed two days later (Fig. 2A). Expression 
from pUB-SEAP was much lower than from pCFl-SEAP containing the CMV promoter. 
Expression from pUBI-SEAP was also lower than pCFl-SEAP, but approximately 5 fold higher 
compared to pUB-SEAP, demonstrating a beneficial effect on expression using the ubiquitin 

10 gene's own intron. The constructs were also transfected into BEAS cells, a human bronchial 
epithelial cell line, and SEAP expression was measured for six days (Fig. 2B). As was observed 
in CFT1 cells, SEAP expression from pCFl-SEAP was significantly higher than from pUB-SEAP 
or pUBI-SEAP at day 2 post-transfection. However, by day 6 post-transfection, expression from 
pCFl-SEAP had fallen markedly, while expression from pUBI-SEAP was more constant. The 

15 cell number and confluence of each well were equivalent, with no evidence of increased toxicity 
in cells that were transfected with pCFl-SEAP compared to cells that received pUBI-SEAP. 
These in vitro data suggested that pDNA vectors harboring the ubiquitin promoter provided lower 
but more stable transgene expression compared to vectors containing the CMV promoter. 

20 Persistence of transgene expression from pUBI-CAT in the mouse lung 

To examine whether the above observed profile of expression was also realized in vivo, 
we measured the level and duration of CAT expression from pUBI-C AT in the mouse lung. The 
expression profile was compared to the plasmid pCFl-CAT, which contains the CMV promoter. 
The pDNAs were complexed with cationic lipid GL-67 and then instilled intranasally into nude 

25 BALB/c mice. Immunodeficient mice were used to avoid the complications of an immune 



response to the Escherichia coli CAT enzyme in assessing promoter persistence. Consistent with 
previously observed results [24], expression from pCFl-CAT was initially high at day 2 after 
instillation, but then decreased 100 fold within the first 21 days (Fig. 3 A). In contrast, expression 
from pUBI-CAT was very low at day 2, but then increased steadily over time, and by day 35 was 
5 approximately 8-10 fold higher than the levels of CAT from pCFl-CAT at this timepoint. When 
the pUBI-CAT vector was administered intravenously, CAT expression was again initially 
extremely low, almost at undetectable levels at day 1 after injection (Fig. 3B). However, by day 
35 expression had increased by two logs and was 3- to 4-fold higher than the levels of CAT from 
pCFl-CAT at this time point. Hence greater persistence of transgene expression was attained in 
10 both lung epithelial and endothelial cells in vivo when the transgene was under the transcriptional 
control of the ubiquitin promoter. 

Persistence of transgene expression from pCUBI-CAT in the mouse lung 

Although significantly prolonged, the levels of transgene expression from pUBI-CAT are 

15 likely too low to be of practical use. To increase the absolute levels of transgene expression, we 
appended a portion of the human CMV enhancer immediately 5' to the ubiquitin B promoter 
sequence to create pCUBI-CAT (Fig. 1). For the in vivo studies, cationic lipid-pCUBI-CAT 
complexes were instilled into nude BALB/c mice and the levels of CAT expression in the lung 
were measured for up to 84 days (Fig. 4 A). Although lower compared to pCFl-CAT, initial CAT 

20 expression from pCUBI-CAT was significantly increased (approximately 2 logs) compared to 
pUBI-CAT which lacks the CMV enhancer (cf. Fig. 3). As seen previously, CAT expression from 
pCFl-CAT declined rapidly within the first few weeks, with negligible CAT expression 
remaining at day 84. In contrast, CAT expression from pCUBI-CAT was nearly constant over this 
time period, retaining approximately 50% of day 2 CAT levels at day 84. Groups of mice were 

25 also given a second dose of pCUBI-CAT to determine if redosing could further augment the 



levels of expression (Fig. 4B). CAT expression at day 28 from mice that received a second dose 
on day 26 increased approximately two fold over those mice that received a single dose, and this 
difference persisted to day 84. The levels of CAT from the redosed mice at day 84 were 
approximately 100% of day 2 levels. These results indicated that the CMV-Ub hybrid promoter 
5 could provide robust, essentially undiminished expression for at least 12 weeks, and that redosing 
could provide incrementally higher levels of sustained expression. 

Sustained transgene expression from pCUBI-SEAP in the mouse liver 

The liver is another major target organ for both viral and synthetic gene delivery vectors. 

10 To determine the expression profile of the CMV-ubiquitin hybrid promoter in the liver, pDNA 
was delivered using a protocol that efficiently transduces liver hepatocytes (see Methods). 10 ug 
of pCUBI-SEAP or pCFl-SEAP was injected via the tail vein into beige/SCID mice and the 
levels of SEAP secreted in the serum were measured at days 1, 14, 28, and 42 days after injection 
(Fig. 5). The initial levels of SEAP in the serum were extremely high (greater than 1 mg/ml at day 

15 1) from both pCUBI-SEAP and pCFl-SEAP. As was seen in the lung, expression from pCFl- 
SEAP declined sharply within the first two weeks, with low levels at day 42. Expression from 
pCUBI-SEAP declined much more slowly, with significant levels of SEAP remaining at day 42. 
The levels of SEAP in the liver were also correspondingly high (1 198 ug SEAP ± 208 ug per 100 
mg tissue) at day 42. These results indicated that the CMV-Ub hybrid promoter could also 

20 provide sustained expression from the liver as well as the lung. 

Persistence of transgene expression from a CpG-reduced CMV-ubiquitin promoter vector 

We and others have shown previously that the immunostimulatory CpG motifs present in 
the pDNA vector play a major role in eliciting an acute inflammatory response after IN or IV 
25 delivery of cationic lipid-pDNA complexes [25,26]. To make the pCUBI vector more suitable for 



systemic use, we constructed a CpG-reduced version, pGZCUBI, which contains an unmodified 
Ub promoter and intron but a CpG-reduced backbone composed of a synthetic, non-CpG gene 
conferring resistance to kanamycin and a minimal replication origin. Into this vector we inserted 
the cDNA encoding human alpha-galactosidase A (HAGA)(Fig. 6). The pGZCUBI-HAGA vector 
5 contains 306 CpG motifs (counting both strands of the pDNA), comparable to pGZA-HAGA, a 
CpG-reduced vector expressing alpha-galactosidase A from the CMV promoter that contains 292 
CpG motifs. In contrast, the non-CpG reduced CMV promoter vector pCFA-HAGA contains 482 
CpG motifs. Complexes containing either pGZCUBI-HAGA, pGZA-HAGA, or pCFA-HAGA 
were instilled IN or injected IV into nude BALB/c mice and the levels of alpha-galactosidase A 

10 expression in the lung were measured over time (Fig. 7). After IN delivery, alpha-galactosidase A 
expression from pCFA-HAGA declined rapidly, as was observed previously with CAT 
expression from pCFl-CAT (Fig. 7 A). However, expression from the CpG-reduced pGZA- 
HAGA was significantly more persistent, with undiminished levels out to day 35. Expression of 
alpha-galactosidase A from pGZCUBI-HAGA was comparable to both pCFA-HAGA and pGZA- 

15 HAGA at day 2 post-instillation, but then rose steadily over time and at day 35 expression was ten 
fold higher than the initial levels at day 2 (Fig. 7A). 

After IV delivery, alpha-galactosidase A expression from pGZA-HAGA declined through 
day 21, and then recovered slightly at day 35 (Fig. 7B). Expression from pGZCUBI-HAGA, 
while initially lower than that of pGZA-HAGA, increased steadily through the 35 day time 

20 period. Taken together, these results indicated that the CMV-Ub promoter conferred sustained 
expression of alpha-galactosidase, and that reducing the CpG content of the pDNA alone also 
improved the persistence of alpha-galactosidase expression. CpG reduction was not required for 
sustained expression from the CMV-Ub promoter, as was demonstrated with the non-CpG 
reduced vectors pCUBI-CAT and pCUBI-SEAP (Figs. 4 and 5). But when both CpG reduction 

25 and the CMV-Ub promoter were incorporated into a vector, the levels of alpha-galactosidase A at 



day 35 from both IN and IV delivery were not only sustained, but significantly higher than 
starting levels. 

MATERIALS AND METHODS 

PI as mid vector constructions 
5 To construct pUB-SEAP, which expresses the secreted form of human placental alkaline 

phosphatase (SEAP), the human ubiquitin B promoter [17] was amplified from human genomic 
DNA (Clontech Laboratories Inc., Palo Alto, CA) using the polymerase chain reaction (PCR) 
with Pfu polymerase. The amplified sequence corresponds to nucleotides -1093 to -741 relative to 
the A residue of the ATG initiation codon. The CMV promoter in pCFl-SEAP [8] was excised 

10 with Pmel and Xbal and replaced with the PCR product containing the UBB promoter to form 
pUB-SEAP. To construct pUBI-SEAP, the human UBB promoter and intron were amplified by 
PCR as above, then inserted into pBC12/PL/SEAP (Tropix, Bedford, MA) positioning the 
translation initiating ATG of SEAP in place of the ubiquitin ATG codon. The UBB promoter- 
intron-SEAP fragment was excised with Bglll and Xhol, blunted with the Klenow fragment of 

15 DNA polymerase I, then inserted into the blunted Pmel and Notl sites of pCFA [8] to create 
pUBI-SEAP. pUBI-CAT was constructed in a similar fashion as pUBI-SEAP, inserting the UBB 
promoter and intron upstream of CAT. 

To construct pCUBI-SEAP, pUBI-SEAP was linearized with Mfel and blunted. pCFA was 
digested with Sphl and Ncol, blunted, and the 300 bp CMV enhancer fragment was purified. The 

20 CMV enhancer fragment was ligated into the Mfel site of pUBI-SEAP to form pCUBI-SEAP. 
The sequence of the enhaner/promoter/intron region of pCUBI-SEAP/pCUBI-CAT is shown in 
Figure 8. To construct pCUBI-CAT, pCUBI-SEAP was digested with BamUl and Sphl, and the 
3.2 kb vector backbone fragment was isolated. pUBI-CAT was digested with BamHl and Sphl, 
the 1.7 kb fragment containing the UBB intron-CAT cDNA-BGH poly A was isolated and then 

25 ligated to the 3.2 kb fragment to form pCUBI-CAT. 



To construct pCFA-HAGA, which expresses human alpha-galactosidase A (HAGA), 
pCFA was digested with Notl and then blunted with the Klenow fragment of DNA polymerase I. 
The human alpha-galactosidase A cDNA was excised from pGB83 (kindly provided by Dr. G. 
Barsomian) with BamWl and EcoRl, blunted with Klenow, and ligated into the blunted Notl site 
5 of pCFA to from pCFA-HAGA. To construct the CpG reduced vector pGZA-HAGA, pGZA- 
sCAT (previously named pGZA-CAT)[35] was digested with Notl (to remove the sCAT cDNA), 
blunted, and the vector backbone was purified. This vector backbone contains a synthetic non- 
CpG kanamycin resistance gene and a minimal replication origin region [35]. The blunted human 
alpha-galactosidase A cDNA fragment from pGB83 (see above) was then ligated into the blunted 

1 0 Notl site of pGZA to form pGZ A-H AG A. 

To construct the CpG reduced vector pGZCUBI-HAGA, the CMV enhancer-UBB 
promoter-UBB intron region was amplified by PCR from pCUBI-CAT using PCR primers that 
incorporate an Mfel site at the 5' end and a Notl site at the 3* end of the PCR product. The PCR 
product was cloned into a shuttle vector, then excised with Mfel and Notl. pGZA-sCAT was 

15 digested with Mfel and Notl, removing the CMV promoter-intron-sCAT cDNA, and the PCR 
product was ligated in to create pGZCUBI. The blunted human alpha-galactosidase A cDNA 
fragment from pGB83 (see above) was then ligated into the blunted Notl site of pGZCUBI to 
create pGZCUBI-HAGA. 

20 Cationic lipids and plasmid DNA 

The cationic lipids GL-67 (IS^-spermine cholesterylcarbamate) and GL-62 (^-spermine 
cholesterylcarbamate) have been described previously [24]. Dioleoylphosphatidylethanolamine 
(DOPE), diphytanoylphosphatidylethanolamine (DphPE), and dimyristoylphosphatidyl- 
ethanolamine (DMPE) covalently coupled to polyethylene glycol having an average molecular 

25 weight of 5000 Daltons (DMPE-PEG5000) were purchased from Avanti Polar Lipids, Inc. 



(Alabaster, AL). GL-67 was formulated as GL-67:DOPE:DMPE-PEG 50 oo (1:2:0.05 mol:mol) and 
GL-62 was formulated as GL-62:DPhPE:DMPE-PEG 5 ooo (1:1:0.05 mol:mol) as described [24]. 

Plasmid DNA was purified by alkaline lysis, ultrafiltration and column chromatography 
[24]. The purified pDNA used in these studies contained less than 10 ug E. coli chromosomal 
5 DNA per mg pDNA and less than 10 endotoxin units per mg pDNA as determined by the 
chromogenic Limulus amebocyte lysate assay (BioWhittaker, Walkersville, MD). 

In vitro transfections 

CFT1 cells, an immortalized human tracheal epithelial cell line from a cystic fibrosis (CF) 
patient, were kindly provided by Dr. James Yankaskas [37]. BEAS cells, a human bronchial 
epithelial cell line, were obtained from the American Type Culture Collection (Manassas, VA). 
Cells were seeded onto 24 well tissue culture plates at a density of 2 x 10 5 cells per well. 0.5 ml of 
cationic lipid GL-67:pDNA (10.5:30 uM) complexes was added to each well. Five hours after 
transfection the complexes were removed and replaced with fresh media. The levels of SEAP in 
the cell culture media were measured forty-eight hours later. Four wells were transfected for each 
pDNA vector. 

Administration of cationic Hpid.pDNA complexes and naked pDNA into mice 

For intrapulmonary delivery, BALB/c (nu/nu) mice were instilled intranasally with 75 ul 
20 of cationic lipid GL-67:pDNA (0.6:3.6 mM) as described previously [24]. For systemic delivery, 
mice were injected via the tail vein with 100 ul of cationic lipid GL-62:pDNA (0.75:0.75 mM or 
1 : 1 mM). For delivery of pDNA to the liver, mice were injected (Mirus Corporation, Madison, 
WI) via the tail vein using the rapid, high volume protocol described by Zhang et al. [38]. Briefly, 
10 ug of plasmid DNA (at 1 mg/ml) was mixed with a 1:1 (v:w) ratio of Trans IT In Vivo 
25 Polymer solution (Mirus Corporation), adjusted to a volume of 200 ul with water, vortexed for 2- 



4 sec, and then incubated at room temperature for 5 min. The solution was then diluted to 
approximately 2 ml in the Minis Delivery Solution, and then injected into the tail vein over a 
period of 6-8 sec. Using this procedure, the pDNA has been shown to be taken up primarily by 
the liver hepatocytes [38,39]. At 14, 28 and 42 days after injection, mice were anaesthetized and 
blood was collected by retro-orbital bleeding. The serum was then stored at -80°C. 

Enzyme assays 

The levels of SEAP secreted into the media of tissue culture cells were measured using a 
fluorescent enzyme activity assay as described [8]. The levels of SEAP in mouse serum were 
assayed using a colorimetric assay. Serum was diluted up to 1 :200 in phosphate-buffered saline, 
and then heat inactivated at 65°C for 20 min. Alkaline phosphatase reagent (150 ul)(Sigma 
Diagnostics, St. Louis, MO) was added to 50 ul of diluted sample (in a 96 well plate), incubated 
at room temperature for 10 min, and then the absorbance at 405 nm was measured. Human 
placental alkaline phosphatase (Calbiochem, San Diego, CA) was used as a standard. CAT 
enzyme activity was measured from lung homogenates as described [24]. Levels of alpha- 
galactosidase A in the lung were quantitated by an enzyme-linked immunosorbent assay 
(ELISA) using a polyclonal antibody to alpha-galactosidase A as described [23]. This antibody 
specifically recognizes human and not mouse alpha-galactosidase A. 

The above examples are non-limiting, and are included for illustrative purposes only. 
The skilled artisan, having read the disclosure contained herein, will readily appreciate that many 
modifications, additions and improvements are possible. Such modifications, additions and 
improvements are part of the present invention. The disclosure of each and every publication 



mentioned in this specification is hereby incorporated by reference for the teachings contained 
therein. 



